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INTRODUCTION
The rapid development of brilliant X-ray sources, like the third generation of synchrotron or free electron laser facilities, opens the door for new scientific techniques to elucidate the fundamental understanding of nature on the atomic level. One of the techniques is X-ray emission spectroscopy (XES) and a special case of XES is the socalled resonant inelastic scattering (RIXS). It has been utilized to project the valence orbital density of state on the core orbitals of molecules, showing the electronic structure of molecules and making it orbital, element and chemical environment sensitive, in addition to being site specific. 1, 2 Furthermore, RIXS is providing the possibility to clock nuclear and electronic wavepacket dynamics on the core hole lifetime, which, depending on the element, is in the range of a few femtoseconds. 3, 4 Therefore, XES and RIXS have been a popular method to study the electronic structure of chemical systems, 3d transition metal etc. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] While XES and RIXS in the hard X-ray regime are detectable with crystal spectrometers using the Bragg law, 16, 17 in the soft X-rays the needed lattice constant of crystals is too high and the quality of the planes of these crystals is not sufficient for high energy resolution. Early pioneering work by Callcott et al. 18 and Nordgren et al. 19 introduced a grating spectrometer based on the Rowland circle principle as the answer to perform high resolution XES and RIXS measurements in the soft X-ray regime, opening the possibility to study the K lines of systems containing vital elements like C, N and O and L lines of 3d metals. [5] [6] [7] [8] [9] [10] [11] [12] [13] In recent years, new high resolution soft X-ray spectrometers based on varied line spacing gratings have been build. [20] [21] [22] [23] [24] [25] Some are even able to resolve vibrational states in the spectrum. 26 Yet, they are huge setups with detector arm length of up to 5 m. 22 Future spectrometer projects are even planned with detector arm length up to 15 m with the aim to reach higher resolving power. The purpose of this paper is to present a new compact grazing incident flat field spectrometer using a spherical varied line spacing (SVLS) grating manufactured by HITACHI (001-0659) and delivering medium resolution. Compared to the widely established grating spectrometer based on Rowland geometry, the VLS grating minimizes aberrations and offers the advantage to focus on a flat focal plane which makes the utilization of X-ray CCDs possible. 27 Optimization becomes much easier since the focus depends on the distance of the position-sensitive soft X-ray detector and the grating. The height of the detector relative to the grating determines the energy. A detailed description of the theory how VLS grating works can be found here. 22, 28 As a 2D detector, an X-ray CCD from Andor with a chip size of 13.3 x 13.3 mm 2 and a pixel size of 13x13 µm 2 has been used.
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The grating spectrometer described here combines a stable, flexible, and compact design with sufficient energy resolution for chemical and material science applications. Furthermore, the spectrometer can sustain large differential pressures making it compatible with liquid jet and gas applications. , (1) where 0 is the groove spacing at the center of the grating, R is the radius of curvature and b 2 , b 3 , b 4 , can be chosen to zero the defocus, coma, and spherical aberrations, respectively. The parameters of the grating given by the manufacturer are = 57680 , 2 = −95.97, 3 = 9.492 × 10 3 and 4 = −9.78 × 10 5 . The effective ruled area of the gold coated grating is 60 x 30 mm 2 . The grating was inspected using an atomic force microscope (AFM), 31, 32 which is a scanning probe microscopy technique providing height resolution on an atomic scale. 33 The AFM allows to characterize the relevant parameters of the gratings like groove profile, micro-roughness on the grooves and groove density, (see Figure 1 ). The imperfect shape of the grooves causes lower diffraction efficiency. The instrument used for these measurements is a Bruker SIS-Ultraobjective AFM with a 40x40µm 2 scanner. The instrument is based on a PICO-Station system with an active vibration damping. The tip used in the measurements is a silicon SPM-sensor for non-contact mode, its resonance frequency is 190 kHz and its force constant 48 N/m. The tip is shaped like a polygon-based pyramid with a height of 10 -15 µm. The tip-radius is less than 8 nm. Thus, the achievable lateral resolution is in the range of about 20 nm -a conservative estimate. The AFM tip was replaced after ten scans to avoid the results to be affected by the tip wear. The measured micro-roughness, approximately 2 nm rms, is a typical value for standard gratings manufactured by different vendors. 34 The measure blaze angle is listed in table I. The grating's residual slope error and its radius of curvature were measured with the BESSY-NOM slope measuring profiler. 34 The slope error in the spatial frequency range between 1mm -1 up to the aperture length cause aberrations in the optical system. The measured values are presented in table I. Table I : Main parameters of the grating. Values labeled with a * were measured as described in the text. α denotes incident angle and SG and GD the source grating distance and grating detector distance, respectively.
II.

THE VLS GRATING
The slightly bigger radius of curvature compared to the initial design parameter, 57680 mm, leads to a slightly larger value for the detector distance of 8 mm.
The main contributions to the energy resolution (∆ ) of the spectrometer are the source size, the detector pixel size, and the RMS slope errors of the grating. Fig. 2 shows the resolving power (E/ΔE eff ) of the present design assuming a source size of 20 µm, a pixel size of 26 µm, and two RMS slope errors, the one on the present grating, 2.2 arcsec (red trace) and an achievable slope error of 0.2 arcsec 34 (blue trace). The improvement in resolving power due to a 5 µm pixel size and a slope error of 2.2 arsec is shown by the black trace illustrating the importance of a smaller pixel detector. The manufacturer of the CCD specified the pixel size of the detector as 13 x 13 µm 2 . However, due to charge spreading the effective pixel size is around 26 µm 2 .
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There is the option to install the CCD at an angle of 70° with respect to the focal plane to have an effective pixel size three times smaller. This will, however, reduce the photon detection efficiency. Our calculations show a possible increase in the resolving power to around 1500 with a tilted CCD at 70°. The development of 2 D detectors with effective smaller pixel sizes will allow obtaining even higher resolving power with the present instrument (see Fig. 2 ) Nevertheless, we should point out that the resolution already achieved with this compact instrument is more than sufficient to perform RIXS studies. Higher resolution is needed to allow resolving e.g. phonon modes, yet it requires a much larger instrument. Ray-tracing calculations were performed to determine the tolerances on the angle of incidence on the grating and the distance from the source to the grating using the VLS parameters given by the manufacturer. These results are summarized in figure 3. Figure 3 it is obvious that changes in the incident angle of ±0.25° will severely deviate from the ideal focal curve (almost linear) whereas changes of a ±4 mm in the SG distance are not significant. Grating efficiency calculation performed utilizing REFLEC 36 showed efficiency around 4.8 % at 550 eV. Yet, due to the groove profile the actual efficiency can be lower.
III.
INSTRUMENT DESIGN
The design of the spectrometer uses the optical lay out given by the grating manufacturer for the spherical varied line spacing (SVLS) grating HITACHI (001-0659) but with a slightly larger value for the detector distance, 8 mm, based on the results presented in section II. The detection of soft X-rays and the need for good resolution presents several experimental challenges. Besides the vacuum environment, the optical set up is very crucial to vibrations, the source position, the geometry of the grating with respect to the entrance slit, and the CCD photon detection system. The forces due to vacuum have to be taken into account in the overall instrument design. Therefore, to ensure high stability of the optics and the resolution of the spectrometer, the basic design uses a three bar system (see Figure 4 ). . The spectrometer has a total length of around one meter, which is very compact and easy to adjust to various experimental chambers with a CF 100 port.
The side bars carry the weight of the spectrometer vacuum housing and compensate the vacuum forces. The slit system and grating holder are connected to the middle bar. There are two chambers: one contains the slit (slit chamber) and the other the grating (grating chamber). Inside the chambers, bellows minimize the vibrations of the optical elements. The detector has not been placed on the middle bar because from the design the vacuum forces can only act in vertical direction, which is compensated by a changeable detector height. Bellows in the design provide variable source -grating distance (SG), gratingdetector distance (GD) and detector height (DH). A high accurate guidance for the DH and GD distances ensures high reproducibility. The slit-grating distance has been fixed to 564mm, the value specified for this grating by the manufacturer This also fixes the height difference between the grating and the slit defined by the 1° degree angle of incidence on the grating. We measured the height difference and calculated an incident angle of 1.05°, which varies 0.05° from the recommended value but the difference is negligible. The vertical acceptance of the grating is approximately 0.11° and the horizontal is around 2.89°. The source (sample) -slit distance is minimized to a typical value below 1 mm, which according to the simulations shown in figure 3 has a negligible effect on the focal curve. To record a spectrum around a given photon energy, the detector is positioned at the optimum GD distance and appropriate height (see Fig. 4a ). Both motions are motor controlled with a resolution better than 10 µm. This design ensures high reproducibility and stability of the detector's position. The spectrometer operation in the energy range 210 eV -1250 eV in first order requires a GD variation between 562 mm and 582 mm and a height change of ± 35 mm. The energy range on the detector is around 200 eV around the central energy. A detector with a bigger chip size would lead to an increase in the energy range.
The turbo molecular pump installed on top of the grating chamber keeps the spectrometer pressure below 10 -7 mbar. A differential pumping stage (DPS) is installed between the slit and the grating. Preliminary tests have shown that with the DPS one can keep three orders of magnitude lower pressure in the CCD chamber than in the sample side. This will allow performing experiments on gas and liquid jet samples, where the vacuum conditions hardly get better than 10 -4 mbar in the interaction point, without inserting partially transmission foils to isolate the vacuum in the CCD. A higher pressure difference is achievable with a second turbo molecular pump connected to the slit chamber. An additional advantage of the mechanical design besides minimizing the vibration, high stability, and translation reproducibility is the simple exchange of the VLS grating.
IV. PERFORMANCE
The test experiments have been performed at the soft X-ray beamline P04 at PETRA III. 37 The spectrometer is installed perpendicular to the incoming circular polarized synchrotron beam and in the horizontal plane. For energy calibration and determination of the resolving power we used the so-called elastic peak, which is basically the elastic scattering of the incoming photon on SiO 2 and MgCl 2 hexahydrate. The advantage of using the elastic scattering signal is that the energy resolution of the incoming beam is determined by the beamline characteristics, but at the cost of low cross section. The beamline slit was set at 1000 µm, which corresponds to an energy resolution ΔE beaml of around 0.55 eV at 550 eV.
The effective resolution of the spectrometer, ΔE spec , was obtained from:
The measured total energy resolution is 0.77 eV at 550 eV, which leads to an effective spectrometer energy resolution of 0.54 eV corresponding to a resolving power of ~ 1020 (see Figure 5 ). The data acquisition time was 80 min with the beamline delivering 3 x 10 13 ph/sec onto a spot size of 0.350 mm x 7 mm and a spectrometer slit at around 20 µm. The large mismatch between the slit size and the beamline spot size is one of the reasons causing the long data acquisition time. Figure 6 illustrates the elastic peak for an incoming energy of 540 eV. Figure 6 : The Gaussian fit (blue) of the elastic peak (dots) shows a total energy resolution of around 0.93 eV at 540 eV incident energy. The total data acquisition time is 3.5 h.
The overall resolution is 0.93 eV. The lower resolving power is mainly due to a bigger beamline slit size, which leads to an increased signal at the expense of energy resolution. At the P04 beamline of PETRA III the beam spot can now be focused down to 10 x 10 µm² giving the advantage to operate the spectrometer with a fully open entrance slit in a "slitless" mode to enhance the detection efficiency without degrading the resolution.
V. CONCLUSION
We presented a newly designed compact grating spectrometer using a spherical VLS grating, which covers the energy range of light elements, like carbon, nitrogen and oxygen K-α 1,2 and the L-α 1,2 of 3d transitions metals.
The spectrometer can achieve a resolving power of around 1000, but it has the potential to enhance the resolving power by 50%. The spectrometer is optimal for RIXS studies especially in systems with high vapor pressure, i.e. systems in liquid phases. Its compact design allows utilizing this spectrometer at different experimental setups.
